Seven compositions of metal cored filler wires for Gas Metal Arc Welding (GMAW), containing the same weight percent of chromium (Cr) and molybdenum (Mo) as 444 steel, but with different titanium (Ti) and niobium (Nb) contents were investigated. Experimental results pointed out that the filler wire Ti content required to be twice time more than the amount expected in the deposited metal. This was due to the low Ti transfer ratio during arc welding. Moreover, Ti increased the wetting angle and promoted penetration. It was supposed that Ti affected the weld pool surface tension what led to inward Marangoni convection.
Introduction
Evolution of European anti-pollution standards have imposed on automotive manufacturers to reduce drastically their new vehicles pollutants emissions. The main recent developments have concerned both vehicle weigh reduction and the improvement of engine efficiency of new cars what helped saving fuel consumption. The last development resulted in an increase of the exhaust gas temperature.
During the last past years, numerous investigations were conducted to improve design and heat resistance of gas manifolds. Hot exhaust gas are collected through the manifold then this part is subjected to high temperatures. Exhaust gas temperature reaches up to 1000°C for new vehicles with high performance engines. Santacreu et al. (2004 Santacreu et al. ( , 2006 presented a new design approach to replace traditional manifolds made of cast iron to stainless steel tubes which are formed and welded.
Ferritic stainless steels (FSS) were selected for such applications thanks to their good resistance to both cyclic oxidation and thermal fatigue due to their low thermal expansion coefficient compared to austenitic stainless steels. FSS are also cheaper because they do not contain nickel. However, FSS have generally low creep strength and resistance to isothermal oxidation at high temperature. Furthermore, Pickering (1978) indicated that FSS were also sensitive to intergranular corrosion, especially during welding process. This is due to the precipitation of chromium rich carbides/intermetallics at grain boundaries which create a zone of Cr depletion more sensitive to corrosion in the matrix. Demo (1974) tried to reduce this sensitization phenomenon by decreasing the carbon content. Unfortunately it required expensive purification processes. Gordon and Van Bennekom (1996) have shown that the sensitization of FSS could be reduced with addition of some stabilizing elements like niobium or titanium. So, titanium or niobium carbides are favoured instead of chromium carbides.
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Moreover Fujita et al. (2003) have demonstrated that the addition of a few content of stabilizing elements like Nb improved also high temperature strength and creep resistance.
Since 1980's, FSS grades were introduced for exhaust systems of upper class vehicles. You et al. (2007) compared heat resistance of various FSS grades used for automotive exhaust systems. Special 409 grade with 12% chromium, niobium, low carbon (C) and nitrogen (N) contents was the first one to be employed for exhaust systems. However its oxidation resistance was low at high temperature what prevented any use with new high performance engines. Grades containing 17-19% chromium (430 type) exhibited better resistance to high temperature oxidation. Unfortunately martensite was created after heat treatment and rapid cooling what had an embrittling effect. Finally, stabilized 430 FSS grades containing Ti or grades 444 containing 18% Cr and 2% Mo have been recently developed instead. These last ones are also called "superferritic" due to the high stability of ferrite at all temperature. Miyasaki et al. (2003) and later Potgieter et al. (2007) observed that addition of molybdenum improved drastically resistance to cyclic oxidation as well as high temperature strength of the steel.
Different parts of the exhaust systems made of ferritic stainless steel tubes are welded together along the manufacturing process. Unfortunately, microstructure and then the base material properties are modified during the welding process. The so called "heat affected zone" (HAZ) in the base material is created due to the local heating and rapid cooling induced during welding. HAZ is subjected to microstructural changes. 409 or 430 grades with medium Cr percentage presented some austenite at high temperature as well, especially with high C and N contents. Due to this transformation, Xinzhong et al. (2008) observed some martensite in the HAZ of 430 grade. As explained by Greeff and Du Toit (2006) then Amuda and Mridha (2011) , a sensitization mechanism could have also occurred in the HAZ of FSS even with stabilizing elements. Titanium or niobium carbides could be partially dissolved at high hal-00825145, version 1 -23 May 2013 4 temperature that led to the precipitation of chromium carbides during rapid cooling. They were thermodynamically less stable but kinetically more favourable. Silva and Farias (2008) observed the apparition of Laves or sigma phases in 444 grade that could have also decreased the corrosion resistance of ferritic stainless steels. Welding of FSS have also generated a grain growth in the HAZ due to the absence of allotropic transformation which had a detrimental effect on the fatigue strength.
The microstructure of the fusion zone is generally very different from the base metal. This partly results from composition differences due to the dilution of the base metal with the filler metal generally used in arc welding and also due to the molten metal interaction with surrounding atmosphere. According to Bayraktar et al. (2006) for instance, contents of C and N gamma stabilizers were generally higher in the fusion zone which promoted the formation of gamma phase at high temperature then martensite after rapid cooling.
Grains size and morphology could have also been very different in the fusion zone. Large columnar grains were often observed in the fusion zone due to the thermal gradient.
According to the results obtained by Lakshminarayanan et al. (2009) , the large grain size in the fusion zone conferred poor properties in terms of ductility, toughness and fatigue strength. Taban et al. (2009) obtained thinner grains while increasing the cooling rate with the use of a high speed welding process. But Flemings (1974) stated that a constitutional undercooling in the liquid near the solidification front permitted the development of equiaxed grain structure instead of a columnar structure in the fusion zone. Bayraktar et al. (2006) explained that this phenomena could be achieved when the thermal gradient was low and/or the solidification rate was high. The constitutional undercooling promoted the columnar to equiaxed grains transition (CET). Nucleation and growth of equiaxed grains in the undercooled liquid stopped the columnar grain growth. CET could have been also promoted with addition of "inoculants" elements that created nucleation sites for equiaxed grains in the undercooling zone. Ostrowski 
Base Metal
Aperam Europe developed a new ferritic stainless steel K44X base material especially for exhaust systems where important mechanical loading and corrosive atmosphere are generated du to the temperature working conditions. K44X is similar to AISI 444 designation according to American Standard (ASTM). Its chemical composition is shown in table 1. K44X was made with 19% chromium, low carbon content (0.015%) and 1.9% of molybdenum. This last element was added in order to give K44X a better oxidation resistance at high temperature than more common 430 steel grade or than austenitic stainless steels like 309 grade . High weight percent of niobium was also added to K44X steel in order to reduce sensitization issues after welding. This element is known to form refractory precipitates that improves creep strength and limits the grain growth in the HAZ of welds. K44X steel has a very good resistance to thermal fatigue due to its low thermal expansion coefficient (11.9 10 -6 K -1 from 20 to 800 °C).
Development of Filler Wires
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Chromium and molybdenum contents of the filler metals were chosen equal to the base metal in the aim to ensure a good oxidation resistance of the fusion zones. Niobium was also added in order to improve high temperature strength as well as titanium to promote equiaxed grain formation in the fusion zone. Weight percents of these two elements had to be precisely controlled to avoid detrimental effects on toughness and ductility due to growth or coalescence of precipitates in the fusion zone.
Several compositions of filler wires were first developed in order to investigate the effect of some additional elements on fusion zone composition and grain morphology. Metal cored filler wires were used in order to allow composition changes in the filler metals without using expensive manufacturing process. These products were well suited to this current study because the additional elements could have been easily introduced as powder mixture in the wire core. The external foil of the filler wire was made of AISI 409 stainless steel, containing 12% Cr and 0.2% Ti (Table 2) .
Table 2
Composition of the foil and global compositions of metal cored filler wires used for preliminary welding (wt%). Cr, Mo, Nb and Ti additional contents were adjusted in the powder mixture of the core in the aim to obtain the desired composition in the filler metal.
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The "Chemetron" manufacturing technology was used for making metal cored filler wire (US Patent n° 4282420, 1981). The external foil was first rolled to form a U shape then the powder mixture was added. The foil was closed by overlapping it while making a O shape. Finally, a 1.2 mm diameter filler wire was obtained after several forming passes of the metal cored wire in drawing dies.
Preliminary tests were conducted in order to determine the relation between the global composition of the filler wire (foil + flux) and the composition of deposited metal before developing any filler wires with various compositions. Indeed, the composition of deposited metal was different from the filler wire because some elements were lost due to vaporization or reaction during the phenomenon of chemical transfer in the arc. For instance, titanium has a great affinity with oxygen so it was expected that its content in the deposited metal was lower than in the filler wire. Titanium content in the fusion zone also had a great influence on the microstructural characteristics that is why it was important to better understand its behavior during the transfer. The element ability to transfer through the arc without losses have been evaluated by the "transfer ratio" which is the ratio of element content in the deposited metal to its content in the filler wire.
Two deposits were achieved with GMAW process using two filler wires with different Ti contents (Table 2 ) in order to determine the transfer ratio of titanium. Composition of the deposited materials was evaluated with mass spectrometry analysis and then transfer ratio of elements was deduced.
Investigated deposits showed lower Ti transfer in comparison to other elements such as chromium or molybdenum which exhibited good transfer ratio, see table 3. These results showed that Ti content in the metal cored filler wire had to be about twice of the amount expected in the deposit.
Seven compositions of metal cored filler wires were then elaborated (Table 4) according to these preliminary results.
Table 4
Composition of metal cored filler wires (wt%). Only Ti and Nb contents were changed in the powder mixtures used for each filler wire. The main goal of the study was to investigate the effect of these minor elements on fusion zone characteristics.
Welding Process
An automated GMAW process using a DIGIWAVE® generator was used for all the welding tests. The welding gas was a mixture of Ar with 2% CO 2 (AIR LIQUIDE ARCAL 12). It is usually used for welding stainless steels in automotive industry. Two set of welding parameters were determined for each filler wire which corresponded to different transfer modes: pulsed or short-circuit. Electrical parameters (voltage and current) were adjusted for each filler wire in order to get a good metal transfer and arc stability. So the electric power was slightly different for each one. Nonetheless the electric power and the welding speed were always higher in pulsed mode than those used in short-circuit mode (Table 5) for all filler metals. The corresponding linear energy, i.e. the ratio electric power/welding speed, was a slightly higher for the pulsed mode (Table 5 ).
The welding tests consisted in linear weld deposits in the longitudinal direction on 2.3mm thick sheets with 120mm width and 400mm length. Geometrical parameters concerning the position of the welding torch are given on Fig. 1 . Fig. 1 . Position of the welding torch.
Characterization Methods
Final appearance of welded samples were first visually investigated after welding in order to detect possible macroscopic defects.
Samples were cut out in the fusion zone for composition analysis using a Ametek Spectrolab mass spectrometer and an Horiba Jobin Yvon JY238 Inductive Coupled Plasma (ICP) system for minor elements like C, N, Ti and Nb. proportion of base metal in the fusion zone and the grain size. The fusion zone was manually selected from macrographs of three cross sections for each weld. The dilution ratio was calculated by the mean ratio of base metal surface to the fusion zone surface S b /(S b +S a ) measured on the three cross sections (Fig. 2) . The mean grain size was calculated from a manual counting of grains in a selected area. Fig. 2 . Measures of the surfaces for the calculation of the dilution ratio.
Some samples were also investigated using a scanning electron microscope JEOL 7000F
equipped with an Energy-Dispersive X-ray Spectroscopy (EDS) facility.
Results and Discussion
Composition of Fusion Zones
All filler wires had the same Cr and Mo weight percents as base metal (19% and 1.9% respectively). Transfer ratio of these elements was almost equal to 1 (as stated in §2.2, table 3) so their contents in the fusion zones were expected to be similar to the base metal one. The weight percents measured by mass spectrometry were about 18.5 to 19% for Cr and 1.9 to 2.1% for Mo in the fusion zones of some samples what confirmed this assumption.
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13 Conversely Ti and Nb percentages were rather different in the filler wires and in the base metal. Titanium is especially sensitive to oxidation so its content in the deposited metal was always lower than the one in the filler wire. Consequently it was difficult to control its percentage in the fusion zone.
Compositions of fusion zones obtained with all the seventh filler wires are shown in table 6.
These compositions were measured with ICP for both pulsed and short circuit modes.
Table 6
Composition of the fusion zones obtained with different filler wires measured by ICP. The analysis technique was only calibrated for Ti, Nb, N and C elements so the contents measured for other elements were not indicated because of the lower accuracy of the measures. All the fusion zones resulted with high C percentage, about twice the content in the base metal or in the filler wires. Kotecki (2001) explained this carbon enrichment was due to molten metal interaction with welding gas which contained 2% CO 2 . Nitrogen percentage was
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also slightly higher in the fusion zone due to the pollution of protective gas by atmospheric nitrogen. Oxygen content was not measured in the fusion zones but its percentage was also expected to be high due to the interaction with CO 2 . There were no significant differences between various samples what indicated no sensitive effect of filler metal composition and welding mode on C and N contents.
Titanium and niobium weight percent were rather different in the obtained fusion zones with various filler wires and welding modes. Their contents in the deposited metals were deduced from the ICP analysis of the fusion zone, according to the dilution ratio calculated from the macrographs of samples transverse cut (Fig. 2) , and the base metal composition. Transfer ratio for titanium and niobium calculated from these values are compared in fig. 3 . Neither the content of the element in the filler wire nor on the transfer mode seemed to affect these transfer ratios. Niobium ratio was high close to one whereas titanium ratio was lower, between 0.4 and 0.7 as expected.
Titanium has a great affinity with oxygen which comes from the CO 2 decomposition in the arc as well as with nitrogen present as impurities in the welding gas due to atmosphere pollution. Some part of titanium in the filler wire has likely reacted to form oxides, nitrides, or other compounds, and remained outside of the molten zone. The observation of weld surfaces with filler wires that contained high titanium contents showed less oxidization than those welded with filler wire without titanium (Fig. 4) . It is assumed that titanium in the filler wire "consumed" the residual oxygen in the gas during the metal transfer and then it protected the weld from the oxidation during welding.
General Aspect of the Welds
The addition of titanium in the filler wire seemed to have a detrimental effect on the arc stability for both transfer modes because it was observed that the welding lines were less regular with the increase of Ti content. Jonsson et al. (1995) Welds obtained in pulsed transfer modes (Fig.5) always presented a more flat shape and were more regular than in short-circuit mode as generally observed in GMAW welds. This is mainly due to the temperature of the deposited metal which was higher in pulsed mode. The "pulse" produced a rapid melting of the filler wire which created a drop that fell straight down into the weld pool. Conversely, electric power used for short-circuit mode was not high enough to separate the liquid drop from the wire. Thus the temperature of the deposited metal remained slightly higher than the liquidus temperature. The mechanical arc pressure effect promotes the wetting of molten metal. This effect was also more important in hal-00825145, version 1 -23 May 2013
pulsed mode because the arc was always formed contrary to short-circuit mode. Arc pressure was also higher during the pulse as current increased.
The dilution ratio, i.e. the proportion of base metal in the fusion zone, was lower in shortcircuit mode for all the filler wires (about 30% versus 43% in pulsed mode). That could be also a result of the higher temperature of the deposited metal in pulsed mode which allowed the melting of a bigger volume of base metal for the same volume of deposited metal.
The general shape of the fusion zone also changed with the titanium content (Fig. 6) . Fig. 6 . Shape of the fusion zone, (a) without titanium, (b) with titanium.
As a matter of fact, the wetting angle was increased with Ti content (Fig. 7) . Furthermore, the penetration depth of the weld seemed to be affected with Titanium content.
Without titanium, the fusion zones were wider on the upper side and narrower on the back side whereas the width of upper and back sides were closer in the fusion zones containing Ti (Fig. 6 ). Most of samples showed large columnar grains were formed with 200-500 µm width and more than 1 mm long (Fig. 10a ). They were oriented in the direction of the heat flux. Low Ti contents led to fusion zone with a columnar structure whereas high Ti contents generated an equiaxed structure. In the fusion zones containing about 0.1 to 0.15% Ti, the CET was clearly observed in the fusion zone (Fig. 9e) , with columnar grains in the peripheral hal-00825145, version 1 -23 May 2013 zone and equiaxed grains in the centre. For higher Ti contents, the CET appeared just at the beginning of the weld pool solidification, so columnar grains had no time to grow. This transition between mainly columnar grains to mainly equiaxed grains fusion zone occurred for the same Ti content in pulsed mode and in short circuit mode. Apparently, the transfer mode had no significant influence on the surface fraction of equiaxed grains.
The inoculant effect of Ti has been extensively studied by Greer et al. (2003) for aluminium alloys. In these alloys, Ti formed refractory compounds on the molten metal that acted as heterogeneous nucleation sites for the grains solidification. Ostrowski and Langer (1979) demonstrated that Ti was also a grain refiner for steels or stainless steels but the nucleation mechanism is not yet elucidated. Villafuerte et al. (1995) and more recently Amuda and Mridha (2012) observed that the effect of titanium was not the same as it was introduced as oxide or metal. Mechanisms seemed also to be different when Ti was introduced alone or combined with other metals during welding of FSS.
The observation of the microstructure of the fusion zone at higher magnification with scanning electron microscope showed very fine particles uniformly dispersed. EDS analysis indicated two kind of particles, niobium rich in light contrast, and titanium rich particles in dark contrast. These last ones were finer and more numerous than Nb-rich particles (Fig. 12) . 
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A measurement of the particle densities using image analysis indicated differences between samples. As expected, samples more rich in Ti contained more titanium precipitates what could explain the nucleation of equiaxed grains.
Results presented in this section indicated a minimum content of titanium in the fusion zone of about 0.15% is required to form a fusion zone with completely equiaxed grain (this corresponded to a content of 0.3% in the filler wire). A higher content of titanium may have a detrimental effect on the mechanical properties, especially for the toughness and ductility.
Thus, filler wire number 8 seemed the best suited for welding the K44X steel.
Conclusions
The development of seven metal cored filler wires for GMAW welding a 444 ferritic stainless steel with 19%Cr, 1.9% Mo and various Nb and Ti contents, was conducted successfully.
Niobium was added to improve the high temperature mechanical properties but it had no significant effect on the shape and on the grain structure of the fusion zone.
Conversely, titanium increased the wetting angle, improved the penetration of the weld pool, and promoted the columnar to equiaxed grain transition (CET) in the fusion zone.
A minimum Ti content of about 0.15% in the fusion zone was required to form a completely equiaxed structure. Due to the low transfer ratio of titanium during the welding, the content in the filler wire had to be twice time the expected content in the fusion zone, i.e. 0.3%.
Among the seven developed filler wires, the filler wire N° 8 with 0.3% Ti and 0.3% Nb was the best suited candidate for the application. Table Captions   Table 1 Composition of K44X grade.
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Composition of the foil and global compositions of metal cored filler wires used for preliminary welding (wt%).
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